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With rotating-wave approximation (RWA), we show in this paper that exciton transmission in a one-
dimensional two-level molecule chain embedded in a cavity can be enhanced or suppressed by strong cavity-
chain couplings. This exciton transmission is closely related to the number of molecules and the distribution of
molecular exciton energy. In addition, we propose a proposal to enhance the exciton transmission by quantum-
jump-based feedback. These results may find applications in experiments of exciton transmission in organic
materials.
PACS numbers: 03.65.Yz, 05.60.Gg, 71.35.-y
I. INTRODUCTION
In organic materials, excitons act as the intermediates be-
tween light and charge [1–4]. Excitons usually suffer from rel-
atively large propagation losses associated with decoherence
during transmission. Therefore, how to make this transmis-
sion more efficient over long distances becomes an important
issue in a variety of fields, such as photosynthesis and artifi-
cial devices. For photosynthesis, exciton is created with the
absorption of a photon, and then it is transferred between the
pigments of light-harvesting complexes until it arrives at the
the photosynthetic reaction center [1–4]. For organic solar
cells, Ref. [5] demonstrated that significantly enhanced exci-
ton diffusion lengths can be realized in SubPc and the power
conversion efficiency can be improved by optimizing the in-
termolecular separation.
Recently, many works focus on exciton transmission in a
molecule chain [6–9], in particular the authors of Ref. [6]
show that if the molecules are strongly coupled to a cavity
mode, the exciton conductance can be enhanced by several
orders of magnitude. Optical cavities with organic molecules
have been extensively studied [10–15], as it provides us with a
new method to study strong coupling effects. In several fields
of physics, features caused by strong coupling has been ob-
served. Light-matter interaction can enter into the strong cou-
pling regime by exchanging photons faster than any compet-
ing dissipation processes. This is normally achieved by plac-
ing the material in a confined electromagnetic fields—cavity
modes. The strongly interaction between molecule and a res-
onant cavity mode leads to the formation of two hybridized
light-matter polaritons states, which are separated by the Rabi
splitting [16–22].
However, most physical process will be destroyed by the in-
fluence of external environments. In order to avoid or decrease
the influence of the external environment, many methods have
been presented, such as structured environment [23, 24], de-
coherence free subspace [25, 26], quantum Zeno control [27],
∗E-mail: yixx@nenu.edu.cn
and dynamical control [28, 29]. It is well known that quan-
tum feedback control is a promising method [30–35] to pro-
long coherence in quantum systems. For instance, one of the
simplest systems involving the atom-cavity interaction is the
coupling of a two-level atom inside a single-mode cavity, this
system is dissipative and the coherence is fast lost, by the feed-
back control we can prolong the coherence and increase the
steady-state entanglement [36, 37]. Based on the continuous
monitoring, together with an appropriate choice for the feed-
back Hamiltonian, the entanglement generation can be well
realized [38, 39].
Inspired by the result of previous studies [6–8, 30, 36–39],
we investigate the influence of molecular number and molec-
ular exciton energy distribution on the exciton conductance.
We find that strong coupling could enhance or suppress ex-
citon conductance depending on the molecular number when
molecular exciton energy is identical to each other. Whereas
when the molecular exciton energy is randomly distributed,
the suppression effect of strong coupling will be affected.
In addition, the enhancement of exciton transmission by a
quantum-jump-based feedback scheme is also proposed and
discussed in this paper.
The remainder of the paper is organized as follows: in Sec-
tion II, we introduce the basic model for exciton transmission.
In Section III, we investigate influence of molecular number
and molecular exciton energy distribution on exciton trans-
mission without quantum-jump-based feedback. In Section
IV, we propose a proposal to enhance the exciton transmission
by quantum-jump-based feedback in strong coupling regime.
In Section V, we conclude the results.
II. THE MODEL
The model [6] consists of a chain of M two-level molecules
that are embedded in a cavity as shown in Fig. 1. The coupling
strength between the molecules and the single mode cavity is
gm. The dipole-dipole coupling between the molecules are
also considered. Such a system can be described by the fol-
2FIG. 1: (color online). Schematic illustration for exciton transmis-
sion in one-dimensional chain of two-level molecules. The first
molecule is pumped by the left reservoir and the pump rate is γp, and
the exciton current can be measured on the last molecule on right-
hand side with decay rate γd . Conditioned on the measurement of
the output of the leaky cavity, a Hamiltonian is applied to one of the
molecules by a feedback.
lowing Hamiltonian,
H = ω0a
†a +
∑
m
ωmσ
+
mσ
−
m +
∑
m
gm(a
†σ−m + σ
+
ma)
+
∑
m,n
Vmn(σ
+
mσ
−
n + σ
+
nσ
−
m), (1)
whereω0 andωm, are cavity mode energy and the m-th molec-
ular exciton energy, respectively, a (a†) corresponds to the
annihilation (creation) operator of cavity mode (electric field
~Ec(~rm)), σ
+
m and σ
−
m are Pauli operators on the m-th molecule,
the coupling strength between cavity and the m-th molecule
is gm = −~dm · ~Ec(~rm). If the interaction is strong enough to
overcome decoherence effects, two new eigenstates of the sys-
tem will be formed, separated by what is known as the Rabi
splitting energy. So the total coupling between the cavity and
molecules can be further characterized by the collective Rabi
frequencyΩ = 2
√∑
m |gm|
2. Strong coupling discussed in this
paper meansΩ > |γ−κ|/2 with zero detuningω0 = ωm as used
in [40]. Dipole-dipole interaction (in the quasistatic limit) can
be described by
Vmn =
~dm · ~dn − 3(~dm · Rˆmn)(~dn · Rˆmn)
4πǫ0R
3
mn
, (2)
with Rˆmn = (~rm −~rn)/Rmn and Rmn = |~rm −~rn|. ~dm is the dipole
moment and ~rm(n) is the position of the m(n)-th molecule.
In order to investigate exciton transmission, we first deter-
mine the steady state of the system when the first molecule is
incoherently pumped. This system has only one driving term
and the state of system is described by its density operator ρ.
The master equation of the whole system can be expressed in
the Lindblad form
ρ˙ = − i[H, ρ] +
M∑
m=1
γdLσ−m [ρ] +
M∑
m=1
γφLσ+mσ−m [ρ]
+ κLa[ρ] + γpLσ+
1
[ρ], (3)
where the terms Ls[ρ] ≡ sρs
†− 1
2
{s†s, ρ} contain all incoherent
process considered here. κ denotes the decay rate of the cavity,
γd is the decay rate of the molecule including nonradiative and
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FIG. 2: (color online). Exciton conductance as a function of Ω for
full model at zero detuning which molecular number N = 5, N = 10,
N = 40 and N = 60. Strong coupling shows the enhanced role
for exciton conductance when the molecular number is large, while
it shows suppression effect when the molecular number is relatively
small.
radiative ones, and γφ is pure dephasing rate. The pumping
rate γp is considered to be small such that the system stays in
the linear regime. The exciton conductance can be calculated
via [6]
σe =
γdTr(HLσ−
M
[ρss])
γp
. (4)
III. EXCITON TRANSMISSIONWITHOUT
QUANTUM-JUMP-BASED FEEDBACK
The Hamiltonian (1) is widely adopted to characterize
one-dimensional chain of molecules. We consider the zero-
excitation and single-excitation subspace, and choose the
molecule parameters as follows [41–43]: ω0 = 2.11 eV, ra-
diative decay rate γr = 1.32 · 10
−6 eV, nonradiative decay
rate γnr = 1.10 meV, and γd = γr + γnr, γφ = 26.3 meV
accounts for pure dephasing. The cavity decay rate is given
by κ = 0.1 eV. Dipole moment can be determined by the
molecule parameters γr = ω
3
md
2/(3πǫ0~c
3), giving d ≈ 36
D (Debye units,1 D = 3.33564× 10−30 C ·m). In addition, the
strong dipole-dipole interaction leads to an additional small
energy shift ∆ for regular distribution, and the zero detuning
corresponds to ω0 = ωm + ∆.
A. Influence of molecular number on exciton transmission
In Fig. 2, we show the exciton conduction σe as a function
of the collective Rabi frequency Ω for different numbers of
molecules, at zero cavity-molecule detuning ω0 = ωm. We
observe that, for large number of molecules, σe increases with
Ω, i.e. the coupling strength between the molecules and the
cavity mode can enhance the transmission. When the number
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FIG. 3: (color online). Exciton conductance as a function of Rabi
frequency Ω at zero detuning which molecular number N = 10(a)
and N = 60(b). The result is the same as that in ref [6] with N = 60,
but it is different for N = 10. The solid orange curves is the full con-
ductance. The dashed red line is the result in the weak coupling limit,
i.e., Ω = 0. The dashed blue line is the exciton conductance without
hopping i.e., the dipole-dipole interactions is turned off. The solid
black curves is a simple sum over the dashed red line and dashed
blue line.
of molecules is relatively small, σe decreases with Ω. This
result is not exactly the same as that in Ref. [6]. We now
explore the mechanism underlying this observation.
In this model, there are two channels for exciton trans-
mission: one is that in the weak coupling limit (Ω = 0), in
this case the exciton transmission only relies on the hopping
rate between the molecules, and we will name this channel
A for simplicity, the exciton conductance is σWCe ; The other
is that in the strong coupling limit, the conductance depends
on the cavity-mediated contribution without hopping, we de-
notes this channel B and the exciton conductance is σNHe in
this limit. In short, the σWCe (WC denotes weak coupling
between the cavity and molecule) and σNHe (NH denotes no
hopping between the molecules) are the conductances in the
weak coupling limit and without hopping, respectively. The
whole exciton conductance is denoted by σ
f ull
e . Starting from
Eq. (1), we calculate numerically the influence of molecu-
lar number on the exciton transmission. We find that strong
coupling enhances or suppresses exciton conductance in this
model. Fig. 3 shows the exciton conductance as a function
of Ω at zero detuning ω0 = ωc. When N is large, such as
N = 60, we recover the result obtained in Ref. [6], the exci-
ton conductance (solid black curves) is a sum of dashed red
line(σWCe ) and dashed blue line(σ
NH
e ) and it approximately
equals to solid orange curve (σ
f ull
e ) as shown in Fig. 3(a).
However, the result is different to Ref. [6] if N is relatively
small. From the Fig. 3(b), we can see that σ
f ull
e , σ
WC
e +σ
NH
e .
In a nutshell, this is because exciton transmission takes the
dominant channel, this does not mean that the other channel
is completely absent. In the weak coupling limit, the dominant
channel is A, and in the strong coupling limit, the dominant
FIG. 4: (color online). Schematic illustration. Two transmission
channels A and B, the width of line (A and B) represents the size of
transmission efficiency. In the case of strong coupling, channel B is
the dominated transmission channel. Black arrow with “strong cou-
pling” denotes the change of dominated channel from A to B when
the coupling strength increases. (a)For N = 10, σWC > σNH , i.e.,
strong coupling suppresses the whole exciton conductance. (b)For
N = 60, σWC < σNH , i.e., strong coupling enhances the whole exci-
ton conductance.
channel is B. Thus, in the strong coupling limit, it will lead to
min
{
σNHe , σ
WC
e
}
< σfulle < max
{
σNHe , σ
WC
e
}
and σ
f ull
e closer to
σNHe .
From Eq. (3), we know that, with fixed cavity-decay rate
κ and pumping rate γp, more molecules leads to more de-
cay through the incoherent processes described by terms with
γd and γφ. Namely, for less molecules (e.g. N = 10), exci-
ton transmission through channel A is more efficient than that
through channel B, while for more molecules (e.g. N = 60),
it is exactly the opposite, see Fig. 4. With fixed κ and γp, the
efficiency through channel B is a constant. Meanwhile, the in-
creasing of the coupling strength between the molecules and
the cavity mode, i.e., the collective Rabi frequency Ω, would
result in the change of dominant transmission channel from A
to B. In other words, for any number of molecules, channel A
dominates the exciton transmission in the weak coupling limit,
while channel B does in the strong coupling limit. Thus, if the
efficiency of channel B is greater than the efficiency of channel
A, strong coupling enhances the whole exciton conductance
σ
f ull
e . Otherwise, strong coupling suppresses σ
f ull
e . In Fig. 4,
channel B (σNHe ) denotes the channel which dominates in the
strong coupling limit, where the exciton can efficiently bypass
the chain of molecules. And in the weak coupling limit, exci-
ton transmission through channel B (σNHe ) can be ignored.
These discussions naturally raise a question: with the pa-
rameters we adopt for this model, when does the exciton trans-
port through channel A as efficiently as that through channel
B? Or when are the exciton conductance σNHe = σ
WC
e ? In
Fig. 5(a), we plot the exciton conductance σNHe and σ
WC
e as
a function of molecular number. It is observed that N = 19
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FIG. 5: (color online). (a) The exciton conductance σNHe and σ
WC
e as
a function of molecular number. (b) σNHe and σ
WC
e as a function of Ω
when N = 19, σNHe = σ
WC
e in strong coupling regime.
acts as the critical value at which σNHe = σ
WC
e . In the case of
less molecules, strong coupling suppresses the exciton con-
ductance σ
f ull
e (see Fig. 5(a)) due to σ
NH
e < σ
WC
e . On the
contrary, for more molecules σNHe > σ
WC
e when the coupling
is strong. In Fig. 5(b) we plot the exciton conductance as a
function of Ω for N = 19. Strong coupling neither shows the
enhanced or suppression effect due to σNHe = σ
WC
e .
B. Influence of molecular exciton energy on exciton
transmission
In this section, we analyse the influence of random distribu-
tion of the molecular exciton energy on the exciton transmis-
sion. For N = 10 in the weak coupling limit, the exciton trans-
mission only depends on the dipole-dipole interaction of the
molecules, the random distribution of molecular exciton en-
ergy suppresses exciton transmission. Therefore, the exciton
conductance is far less than the case of equal exciton energy.
The greater the variance q is, the larger the suppression, and
the smaller the exciton conductance σWCe . While in the strong
coupling limit, channel B dominates the exciton transmission,
in this case it main depends on cavity-mediated strength rather
than the hopping rate of the molecules, the exciton transmis-
sion is enhanced greatly. From the other point of view, σNHe
and σWCe determines whether strong coupling could enhance
the exciton transmission or not. This means σNHe > σ
WC
e en-
sures that strong coupling could enhance exciton transmission
when ωm is randomly distributed, otherwise strong coupling
suppresses exciton transmission. This feature does not appear
for more molecules(for example N = 60), since σNHe > σ
WC
e
always satisfies. As shown in Fig. 6, we plot the exciton con-
ductance as a function of Ω when ωm [ωm ∼ N(p, q
2)] takes
a normal distribution with the mean p and standard deviation
q. The curves are given by an average over many numeri-
cal simulations. ωm is the molecular exciton energy and the
mean is p = 2.11 eV with standard deviation q. If the q is too
small, it will not change σWCe obviously. Hence, the mean p
and standard deviation q are chosen as 2.11 eV and 0.211 eV,
respectively, to obtain a apparent effect.
In addition, the Fig. 6 appears that randomness can increase
the conductance, this is because when the exciton energy of
each molecule is equal, it is resonant with the cavity. How-
ever, when we keep the first and the last molecular exciton
energy constant and other ones normally distributed, the in-
teraction between the molecules and the cavity is effectively
suppressed, it leads the exciton to bypass the intermediate
molecules and transport from the first molecular to the last
one more effectively. Thus, the transmission efficiency can be
enhanced greatly.
IV. ENHANCED EXCITON TRANSMISSION BY
QUANTUM-JUMP-BASED FEEDBACK
In order to increase exciton transmission, we introduce a
feedback scheme based on the continuousmonitoring of quan-
tum jumps together with the feedback Hamiltonian. As we
will show the feedback can lead to an improvement of exci-
ton transmission. Note that the feedback is conditioned on the
measurement result and thus must act after the measurement.
This can be done by introducing a description of the measure-
ment scheme and feedback. The schematic diagram is shown
in Fig. 1, the cavity dissipation, i.e. La[ρ], is measured by a
photodetector D whose signal provides the input in the control
Hamiltonian F.
In this kind of monitoring, the absence of signal predomi-
nates and the control is triggered only after a detection click,
i.e. a quantum jump occurs. The unconditioned master equa-
tion for this model was derived by Wiseman in [30] and, for
our system, it reads
ρ˙ = − i[H, ρ] +
∑
m
γdLσ−m [ρ] +
∑
m
γφLσ+mσ−m [ρ]
+ κLU f ba[ρ] + γpLσ+1 [ρ]. (5)
It is easily to explain jump feedback with LU f ba[ρ] in Eq. (5):
LU f ba[ρ] = U f baρa
†U
†
f b
− 1
2
{a†a, ρ}. The unitary transforma-
tion U f b = exp(−iFδt/~), representing the finite amount of
evolution imposed by the control Hamiltonian on the system,
is chosen to be applied according to the detection result, which
is described by the action of a in the first term of the superop-
erator La[ρ].
Starting from Eq. (5), we choose the local feedback U f b =
exp(−iλ˜σx
N
) with λ˜ = λπ and σx
N
= σ+
N
+ σ−
N
, which is sim-
ple and realizable in experiment [44], where the control acts
on just one of the molecules. In the jump-based feedback, the
corresponding exciton conductance is shown in Fig. 7(a) as
a function of Ω and the feedback parameters. The feedback
is acted on 1st, 30th, 50th, 60th molecule, respectively, only
after a detection clicks. The exciton conductance is enhanced
obviously when the control is applied on the last molecule in
the strong coupling regime, i.e. the more closer to the end
of the chain, the more conductance increases. However, the
exciton conductance has no significant change in the weak
coupling regime since it only depends on the dipole-dipole
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FIG. 6: (color online). Exciton conductance as a function of Ω when the molecular exciton energy ωm takes a random normal distribution,
where the mean is p = 2.11 eV with standard deviation q. The curves are obtained by average over many numerical simulations. (a) and (b)
shows the influence of the molecular exciton energy on the exciton transmission. N = 10 and N = 60 with standard deviation 0 and 0.211 eV,
respectively.
interaction of molecules but not on the cavity-medium. In ad-
dition, we find that the exciton conductance depends on the
feedback amplitude λ as shown in Fig. 7(b). Fig. 7(c) is the
plot of exciton conductance versus driving amplitude, it shows
that the maximum locates at λ = 0.5. In this case the maxi-
mum exciton conductance is about 0.036 eV, with appropriate
choice of the feedback amplitude λ = 0.5 and N = 60 in the
strong coupling regime. Nevertheless, exciton conductance is
about 0.011 eV if the feedback is cut off.
In Eq. (5), the effects of detection efficiency has been ne-
glected in the detection process, which is important for this
system, given that feedback relies on the manipulation of
the system based on information gained by the measurement
result. It has two distinct situations when a jump occurs:
firstly, the detector clicks and the feedback U f b is applied on
molecule; secondly, the detector fails to click and there is no
control action. We can use detection efficiency η to describe
this circumstance:
ρ˙ = − i[H, ρ] +
∑
m
γdLσ−m [ρ] +
∑
m
γφLσ+mσ−m [ρ]
+ κηLU f b a[ρ] + κ(1 − η)La[ρ] + γpLσ+1 [ρ]. (6)
When the detector efficiency η is zero, no information is ex-
tracted from the measurement result and the master equation
reduces to Eq. (3) where the feedback is cut off. Obviously, in
the limit of perfect detection, Eq. (5) is recovered, and, for a
local feedback, exciton transmission can be further enhanced
even if the detector efficiency is not perfect. We have plot-
ted the exciton conductance changes with detector efficiency
η when N = 60 and Ω = 1 eV in Fig. 7(d), the maximum and
minimum are consistent with the above analysis. In short, the
feedback can enhance exciton transmission.
We have concluded that the feedback can enhance the ex-
citon conductance with large number of molecules. As to
the case with small number of molecules, we plot the exci-
ton conductance σ
f ull
e as a function of Ω with and without the
feedback for N = 10. The feedback increases σNHe and leads
to σNHe > σ
WC
e in the strong coupling regime, as shown in
Fig. 8(a). We also find that the suppression effect of strong
coupling for small molecules is destroyed. In this case, strong
coupling does not suppressσ
f ull
e , as shown is Fig. 8(b). Hence,
the feedback can change suppression effect of strong coupling
effectively when the molecular number is small.
V. CONCLUSION
In conclusion, we have investigated the influence of molec-
ular number and molecular exciton energy distribution on
the exciton transmission through strong coupling in systems
composed of a one-dimensional chain of molecule inside
a cavity under RWA. When the coupling is strong enough
(weak enough), exciton transmission only depends on cavity-
mediated contribution (the hopping of molecules). Strong
coupling can be beneficial or detrimental to exciton transmis-
sion depending on the molecular number, the transmission is
also connectedwith whether molecular exciton energy is iden-
tical or randomly distributed. We have also discussed the ef-
fect of quantum-jump-based feedback and detector efficiency
on the exciton transmission.
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